Abstract: Orbital angular momentum (OAM) beams may create a new paradigm for the future classical and quantum communication systems. A majority of existing OAM beam converters are bulky, slow, and cannot withstand high powers. Here, we design and experimentally demonstrate an ultra-fast, compact chalcogenide-based all-dielectric metasurface beam converter which has the ability to transform a Hermite-Gaussian (HG) beam into a beam carrying an OAM at near infrared wavelength. Depending on the input beam intensity, the topological charge carried by the output OAM beam can be switched between positive and negative. The device provides high transmission efficiency and is fabricated by a standard electron beam lithography. Arsenic trisulfide (As 2 S 3 ) chalcogenide glass (ChG) offers ultra-fast and large third-order nonlinearity as well as a low two-photon absorption coefficient in the near infrared spectral range.
Introduction
Structured light and, in particular, beams carrying orbital angular momentum (OAM) have been shown to enable and expand a plethora of photonic applications from optical trapping and manipulation, to astronomy and light filamentation [1] . Moreover, the OAM of light can be used as an alternate degree of freedom for expanding the capacity of communication channels [2] [3] [4] [5] [6] . Many of these systems require the development of dynamically reconfigurable and high-power OAM beams. Usually, the OAM beams are generated using bulk optical devices such as spiral phase plates (SPPs) and spatial light modulators (SLMs) [7] . However, an SPP is only suitable to generate an OAM beam with fixed topological charge for a designed wavelength. SLMs, dynamically controlled by computers, are able to generate tunable OAM beams with high intensities [8] but are limited by their resolution, bulky dimensions, and the switching speed. For nonlinear applications requiring dynamically changing topological charge of light together with high intensities [9] , a tunable OAM metasurface-beam converter may enable new opportunities. To date, the realization of tunable OAM beam converters that can be used in high-power applications with ultrafast switching speed and can be incorporated in micro-scale systems remains a grand challenge.
Here, we propose and demonstrate a nonlinear metasurface based on chalcogenide glass (ChG) to generate reconfigurable topological charge, depending on the input intensity, and able to generate OAM beam with an input intensity higher than 4 GW/cm 2 . Photonic metasurfaces attracted significant attention owing to their compact size, flat topology, and compatibility with existing integrated-optics fabrication methods . Recently, we have demonstrated the first step toward the realization of input-intensity-dependent optical metasurfaces capable of converting a beam with no OAM into an OAM-carrying beam in the near infrared range [32] . Here, we describe a nonlinear metasurface with the capability of switching between two opposite topological charges of OAM beams depending the intensity of the input beam.
The proposed metasurface beam converter consisted of an array of nano-blocks made of As 2 S 3 ChG with high refractive index, low absorption and a very good nonlinear figure of merit in both the near-infrared and the mid-wave infrared spectral bands [33] [34] [35] . In addition, the fabrication procedure was a single-step electron-beam lithography since As 2 S 3 is sensitive to electron beam exposure [36] .
Results

Beam-Converter Metasurface Design
The operation principle of our reconfigurable metasurface is illustrated in Figure 1 . The metasurface transformed an input Hermite-Gaussian (HG) beam into an OAM beam with counter-clockwise or clockwise wavefront, depending on the intensity of the incoming light. In the linear regime-for low input intensity-the phase acquired in the even quadrants (II and IV) was 90 • larger than in the odd quadrants (I and III). Consequently, the input HG beam was transmitted through the metasurface and the resulting phase distribution directly after the metasurface is given by φ = (N − 1)90 • , where N enumerated the quadrants. Although in the near-field the phase of the transmitted beam changes in a stepwise manner, in the far-field, the wavefront became helical with a counter-clockwise direction of rotation corresponding to a positive OAM, as shown in Figure 1a . Furthermore, the metasurface was designed such that for a high-intensity input beam, the phase introduced in the even quadrants was increased by 180 • respect to the low-intensity regime. Figure 1b shows that in this case, the phase distribution at the output increased in the clockwise direction. In contrast with the low-intensity regime shown in Figure 1a , for high input intensity, the output beam acquired a negative OAM. The reconfigurability of the output beam was enabled by the design of the metasurface utilizing Mie-resonances in conjunction with highly nonlinear ChGs, as described below in detail. In this section, we will demonstrate the design principle of the metasurface that converts HG beams into OAM beams. In Section 2.2, we compare the results of the experimental measurements with simulations for the mode converter operating in the linear regime, described in Section 2.1. Finally, in Section 2.3, we present a design of a nonlinear meatsuface capable of switching between the positive and negative OAM.
The functionality described in Figure 1 is enabled by a ChG-based metasurface illustrated in Figure 2a , which is an array of ChG nano-blocks fabricated on a substrate. The size of the array was assumed to be infinite in the x-and y-directions, and the incident light was a plane wave propagating along the z-axis with electric and magnetic fields polarized along the x-and y-directions, respectively. For the wavelength of interest around 1550 nm, the numerical simulations were performed by CST Microwave Studio with the following geometric parameter: the height of the blocks h = 400 nm, the lattice constant a = 930 nm, and the side-length of the blocks l = 700 nm. The refractive index of ChG was n 0 = 2.4 measured using spectroscopic ellipsometry and the refractive index of the glass substrate n g = 1.5. Two dips located at wavelengths 1464 nm and 1510 nm corresponding to resonant interaction with the metasurfaces were indicated on the transmittance spectrum shown in Figure 2b . The near-zero transmittance resulted from a near-unity reflectance, as the materials were assumed to be lossless in the simulations. The distributions of the electric and magnetic fields in the unit cell cross-section are shown in Figure 2c ,d. At the wavelength of 1464 nm, the magnetic field formed a vortex around the electric field revealing an electric resonance. At the wavelength of 1510 nm, the vortex-like electric field distribution was a signature of a magnetic resonance. As illustrated in The wavelengths corresponding to the electric and magnetic resonances can be controlled by changing the side-length of the nano-blocks. As the side-length increased, the central wavelengths of both the electric and magnetic resonances increased, and at the same time they become closer to each other. Once the two resonances overlap, a nearly unitary transmission with the phase change spanning 360 • can be achieved [25, 26, 37] . In contrast, when the side-length decreased, the electric and magnetic resonances were shifted to shorter wavelengths and further away from the wavelength of interest. To obtain the desired phase difference for the design shown in Figure 1a , numerical simulations were performed with the side-length of the nano-block swept from l = 400 nm to l = 900 nm. Figure 3 shows the spectra of the transmittance and the phase of the transmitted light through the metasurface with different side-length for a normally incident light. We chose two different size lengths, l = 400 nm and l = 700 nm, at the wavelength of 1550 nm, as indicated with the black crosses in Figure 3 . The transmittance of both structures was higher than 70% ( Figure 3a ) and the phase difference between the two structures was 90 • (Figure 3b ). 
Simulations and Experiments
In order to demonstrate the proposed OAM beam-converter, a metasurface was fabricated with two sizes of the blocks l = 400 nm and l = 700 nm. The arrays of nano-blocks were patterned in ChG thin film using electron-beam lithography, as shown in Figure 4a . First, chromium windows were prepared on a glass substrate. Then, a ChG film was deposited on top of the chromium windows with thermal deposition. The linear refractive index of the film was measured using spectroscopic ellipsometry to be n 0 = 2.43. Finally, after the exposure to electron beam, a solution of diluted MF-319 was used to develop the sample. The resulting ChG structure with a thickness of 400 nm is shown Figure 4b . The fabricated sample contains four quadrants where diagonal quadrants contain blocks with the same side-length. The total size of the fabricated metasurface was 93 µm × 93 µm.
The simulation of a whole metasurface consisting of four quadrants is performed with CST Microwave Studio. Then we simulate the propagation of the near-field result from CST in free space for 4 mm with the beam propagation method [38] . Figure 4c shows the normalized intensity and Figure 4d illustrates the phase of transmitted light. The spiral-shaped phase in Figure 4d proves that the wavefront of the transmitted beam is helical.
The fabricated metasurface was characterized using the interferometry setup shown in Figure 4e . The beam from a photodiode laser at the wavelength of 1550 nm was split by a beam splitter. The main beam was focused on the sample by a lens and collimated by a second lens placed after the sample. Then the main beam was combined with the reference beam using a beam splitter and the resulting interference patterns were captured by a camera. The experimental measurement of the main beam transmitted through the metasurface is shown in Figure 4f . The intensity profile with a dark singularity at the center suggests that the beam carries an OAM. In order to prove the presence of the helical wavefront, we performed two experiments on the interference of the main beam and the reference Gaussian beam. In the first experiment, after the two beams were combined, the propagating directions and centers of the Gaussian beam and main OAM beam were overlapped. The resulting interference pattern reveals spiral-shaped fringes as shown in Figure 4g . In the second experiment, a small angle was introduced between the two beams, and the interference pattern contained fork-like fringes indicating the presence of the OAM, as shown in Figure 4h . In our previous work, the ChG hole metasurface converts an HG beam into an OAM beam by utilizing the guided resonances in a photonic crystal structure and overlapping two guided resonances to realize the desired phase shift in the even quadrants [32] . In contrast, in this experiment, the phase different between different quadrants of the fabricated metasurface is introduced by a single Mie-resonance and according to Figure 2 , the resonance close to the wavelength of 1550 nm is the magnetic resonance.
Reconfigurable Beam with OAM
In this section, we demonstrate that the third-order nonlinearity (Kerr effect) of ChG can be used to achieve the switching of the output beam OAM from positive to negative. The refractive index of the ChG n ChG can be efficiently changed as a function of the input light intensity due to its large nonlinear Kerr response described by n ChG = n 0 + ∆n = n 0 + n 2 I. Here, n 0 is the linear refractive index of the ChG, n 2 = 7.9 × 10 −13 cm 2 /W is the nonlinear coefficient measured by our in-home Z-scan setup, and ∆n is the refractive index change of the ChG corresponding the input beam intensity I. Figure 5 shows the result of the nonlinear studies of ChG nano-blocks with different side-length. The input intensity was varied from 1 kW/cm 2 , which is low enough to avoid significant refractive index change, to 4 GW/cm 2 . As shown in Figure 5a ,b, for l = 700 nm, around the wavelengths of electric and magnetic resonances indicated by the dashed lines, the phase change of the transmitted light is around 180 • . However, at these two wavelength, the transmittance is close to zero as the two resonances are spectrally separated. Therefore, this structure is not suitable to design a nonlinear metasurface. As explained above, with the increase of the side-length, the two resonances shift closer to each other, and as they overlap, nearly 100% transmission can be achieved with the phase change covering the entire 360 • . For the side-length 760 nm, the two resonances are both located around the wavelength 1550 nm. As seen in Figure 5 , the maximum 180 • phase change is achieved at the wavelength of 1572 nm. This wavelength is indicated by the white dashed line in Figure 5a -d and it is the operation wavelength of the OAM beam converter. When the input intensity increases, the phase of the transmitted light changes by 180 • and the transmittance at the intensity levels of interest remains higher than 60%, as shown in Figure 5c ,d. As illustrated by Figure 1 , while the phase in the even quadrants changes 180 • , the phase of odd quadrants should remain the same. Therefore, to realize the intensity-dependent switching, we build the odd quadrants with side-length 520 nm for which the resonances are far away from the operation wavelength of 1572 nm. As shown in Figure 5f , for low intensity 1 kW/cm 2 , the phase introduced by the structure with side-lengths of 760 nm and 520 nm differs by approximately 90 • . The phase of the beam transmitted through the even quadrants (built of the cubes with the side-length of l = 760 nm) grows with the increase of the input intensity while the phase in the odd quadrants remains constant. When the intensity increases to 4 GW/cm 2 , the phase difference between the odd and even quadrants increases to 270 • , while the transmittance remains higher than 60%. Therefore, these two structures can be used to realize the proposed nonlinear metasurface enabling the intensity-dependent OAM switching. The maximum refractive index change inside ChG is ∆n = 0.12 and the maximum intensity inside the ChG blocks is 150 GW/cm 2 , as found in the simulation results. The damage threshold of ChG with different compositions measured by the femtosecond laser has been studied by Zhang et al. and You et al. at the near-infrared and mid-infrared wavelengths, respectively [39, 40] . Due to the short pulse duration (100 fs) and a low repetition rate (1 KHz), the damage threshold of ChGs is much larger than the peak intensity required for our reconfigurable metasurface. Moreover, it has been reported that if As 2 S 3 is properly doped with silver, the nonlinear coefficient of the silver-doped ChG film can be up to two orders of magnitude larger than the nonlinear coefficient of the undoped As 2 S 3 film [41] . In this case, the required peak intensity will decrease to approximately 1 GW/cm 2 , making the proposed device more energy efficient. Besides energy efficiency, another advantage of the silver-doped ChG with larger nonlinear coefficient is that it may result in a much larger refractive index change ∆n. In our current design with the pure As 2 S 3 , ∆n ≈ 0.1. Realization of a 180 • phase change with the current value of ∆n ≈ 0.1 requires the resonances to be very sharp which places a stringent requirements on the fabrication precision to ensure the rapid phase change, which is beyond our ability right now. However, if a larger ∆n can be introduced by the silver-doped ChG, the design may tolerate more fabrication imperfection. The deposition and patterning processes of the silver-doped ChG film will be studied in the future to experimentally realize the reconfigurable metasurface which produces output structured light with tunable topological charges.
When the input intensity increased from 1.94 GW/cm 2 to 1.98 GW/cm 2 , the phase of the light transmitted through the structure with the side-length l = 760 nm jumped by approximately 90 • , as shown in Figure 5e . The origin of this phase jump can be understood by looking at Figure 6 where the electric-and magnetic-field distributions in a unit cell for four selected input intensities are plotted. As shown in Figure 6a ,b,e,f, the field distributions were very similar when the input intensity increased from 1 kW/cm 2 to 1.94 GW/cm 2 and they possess only a magnetic-resonance revealed as a vortex-like electric field distribution. When the input intensity increased, the resonances became closer to each other. In Figure 6c ,d,g,h, the field distributions are very similar when the input intensity increases from 1.98 GW/cm 2 to 4 GW/cm 2 and both electric-and magnetic-resonances are present at the operation wavelength. As the light intensity increases, the electric-resonance shifts closer to the operation wavelength and as it overlaps with the magnetic resonance it leads to an abrupt phase jump by 90 • . Upon the change in the input intensity from 1 kW/cm 2 to 4 GW/cm 2 , the phase changed by 180 • due to the changes in the relative spectral position of the electric and magnetic resonances. To verify the ability to produce the OAM beam with positive or negative topological charge, a metasurface with four quadrants and 50 × 50 unit cells in each quadrant was simulated using the CST Microwave Studio time domain solver and the propagating of the resulting near-field distribution in free space for 4 mm is simulated using the beam propagation method [38] . Figure 7a shows the schematic of the metasurface with an HG input beam normally incident from the substrate side. The intensity and phase distribution of the transmitted beam in low intensity case are shown in Figures 7b,c, respectively . The dark center in Figure 7b and the spiral phase distribution in Figure 7c show that the OAM is carried by the transmitted beam. In this case, the refractive index of ChG is n ChG = n 0 = 2.43. To simulate the nonlinear metasurface, the refractive index of ChG is set as n ChG = n 0 + ∆n = 2.53. Therefore, the phase acquired in quadrants II and IV of the metasurface changed by 180 • . The light transmitted in the nonlinear regime, shown in Figures 7d,e , also has a singularity in the center, but the direction of the spiral phase distribution is opposite to Figure 7c , which means it carries an OAM with the opposite sign. 
Summary
In this work, we have experimentally demonstrated an OAM-beam-converting metasurface enabled by the Mie-resonances of the ChG cubes operating at the telecommunication wavelength. We designed and fabricated the beam converter switching an HG mode to an OAM beam. The fabrication of the ChG film requires only single-step lithography. Moreover, ChG possesses relatively large third-order nonlinearity at near-infrared wavelengths. A nonlinear metasurface which can generate reconfigurable OAM beams with opposite topological charges is designed and demonstrated theoretically. With an HG input beam, the output of the metasurface in the linear regime has a helical wavefront and carries an OAM with topological charge plus one. When the input intensity increases to a specific value in the nonlinear regime, the output wavefront is still helical but twisted in the opposite direction than in the linear regime, which leads to a negative charge of the OAM carried by the beam. The experimental realization of the nonlinear tunable metasurface might be enabled with the use of silver-doped As 2 S 3 , which is characterized by a nonlinear coefficient two orders of magnitude larger than that of a pure As 2 S 3 film. This direction will be explored in future studies and the results will be presented elsewhere.
Materials and Methods
Design: we used the CST Microwave Studio Frequency Solver to design the linear metasurface. The refractive indices of materials were measured using a spectroscopic ellipsometer. The nonlinear simulations were performed in Comsol Multiphysics. The nonlinear coefficient was measured using a in-home Z-scan setup.
Sample fabrication: an array of square chromium windows with size 150 µm × 150 µm was fabricated on a glass substrate. Then, the As 2 S 3 film with the thickness of 500 nm was deposited on top via thermal evaporation in a Lesker PVD 75 deposition system equipped with a low temperature evaporation source. During the deposition, the substrate temperature was maintained at approximately 20 • C. Inside each of the Cr windows, the ChG was patterned with a square array of blocks using electron-beam lithography (Vistec EBPG5000+ 100KV) with dosage 10.5 mC/cm 2 . The area of the pattern is 132 µm × 132 µm. The chromium around the sample played a double role: (i) it enhanced the reflectivity of the substrate enabling automatic sample alignment, and (ii) it increased the sample conductivity allowing us to avoid accumulation of charges. After exposure, the sample was immersed in a 1:1 mixture of Microposit MF-319 developer and deionized water for 32 seconds to develop. After the development, the parts unexposed by the electron beam have been removed and the thickness of the sample was found to be 400 nm using the atomic-force microscopy. Finally, six layers of Poly(methyl methacrylate) were spin-coated on the sample to provide a symmetric refractive index.
Experiment: to characterize the fabricated metasurface, we built a Mach-Zehnder interferometer, as shown in Figure 4e . To generate an HG mode, a phase plate was inserted in the main beam path. A glass substrate spin-coated with a layer of S1813 photoresist was used as a phase plate to delay the one part of the beam by half of the wavelength. The photoresist on half of the substrate was removed using photolithography. The edge of the photoresist was placed at the center of the main beam and a spatial light filter was placed after the phase plate to filter the HG mode.
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